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The one-dimensional constant advection of a Gaussian function is used to test four positive-definite schemes --Schemes I, II, Smolarkiwicz, and Arakawa --and three even-order accurate schemes --III, IV, and V --on the C staggered grid. It is shown that for the test problem, Schemes I and II produce identical numerical results. Arakawa's scheme produces the least damping among all the positive-definite schemes, but expensive computations are required with this scheme. The Smolarkiwicz scheme seems to be the most cost effective, although the slightly upstream shifted phase in numerical solution and the determination of the S factor may be drawbacks of this scheme. > Of the even-order accurate schemes, scheme V produces very accurate results. Stability analysis indicates that a reduction in time step size (29% smaller) is required when scheme V is used instead of scheme Ill. For the test problem, scheme V produces results 10 times more accurate than III and IV with the same number of grid points. Scheme V is more efficient than III because it requires less than three times as much computation. In addition, the variables are staggered around the grid points for the sake of better geostrophic adjustment. Of the staggered grids B, C, D and E (Arakawa and Lamb, 1977) , the C-grid has found favor amongst numerical modelers (Arakawa and Lamb, 1977; Schoenstadt, 1978) despite criticisms raised by some authors (Mesinger, 1973) .
There are very few finite difference models that employ a non-staggered grid. The C-grid is currently used in the Navy Operational Regional Atmospheric Prediction System (Hodur, 1982 (Hodur, , 1987 .
There are many problems in environmental science where a central concern is the manner in which a trace constituent or water vapor is transported by moving fluid.
It is important to find a suitable finite difference algorithm on a staggered grid for this problem. In this report, we use a simple water vapor transport problem (i.e., one-dimensional linear advection of water vapor) to study the advective processes on the staggered grid.
It is illustrated that caution must be taken in defining flux on the staggered C-grid. It is shown that accuracy can be lost in the fourth-order centered differencing if flux is defined improperly. A consistent way of defining flux with the fourthorder finite differencing is presented.
MODEL PROBLEM AND DISCRETIZATION SCHEMES
To illustrate the points mentioned above, we use finite difference schemes to discretize the one-dimensional, constant
at ax in the periodic domain C-1,11 with the initial condition 2
This problem is the simplest prototype of a model involving wave or advective processes. For the test purpose, Eq. (2.1) can be easily written in flux form as The definition of flux and space differencing of these schemes are as follows: Scheme (IV)
Forward time integration is used in Scheme (I) and (II)
while the second-order leapfrog time integration is used in Schemes (III), (IV) and (V) for their time discretization. To suppress the computational mode in the leapfrog time integration, an Asselin filter with a damping coefficient of 0.02 is used.
Note that the first-order upstream flux is used in both Schemes has proposed a generalization of Takacs' (1985) scheme which has very small computational dispersion and which guarantees positive results. Arakawa's scheme is third-order in accuracy. We will include Arakawa's scheme in our results for comparison. Formulation of Arakawa's scheme is presented in Appendix A. In addition to Arakawa's method, we will also test the positive definite advection scheme of Smolarkiwicz (1983 2.
MODEL PROBLEM ANALYSIS
For the one-dimensional constant coefficient advecticn equation, Scheme (1) employs the first-order upstream differencing while Scheme (III) employs the second-order centered differencing.
Detailed analysis of Scheme (I) and Scheme (III) for the onedimensional linear advection equation can be found in Haltiner and Williams (1980) . To better understand the accuracy and stability properties of Schemes (IV) and (V) we now follows an argument similar to that given by Haltiner and Williams (1980) . Consider the following fourth-order, space-centered differencing and leapfrog time differencing for the constant coefficient advection
Since each of the terms with coefficients a, b and c are valid approximations for 3F/3x, it is clear that (3.1) will be a consistent scheme provided that a + b + c = 1. The requirement for (3.1) to be fourth-order accurate is that the second-order truncation terms vanish. This implies that the sum of the Taylor series terms and define
Substitution of (3.3) into (3.1) leads to
If a is real, neutral solutions result with no damping or amplification, as evident from (3.3). The condition for a real is that the right side of (3.6) has magnitude less than or equal to 1, otherwise it is complex. To insure stability for all wavelengths, it is necessary to find the maximum magnitude of f(96x). Let fE(,mx)max) be the maximum value of f(P'x). Then the following criterion must be satisfied to maintain stability for all wave numbers. The phase speed and group velocity resulting from the discretization of (3.1) can also be derived. 
where CR is the Courant number.
For the one-dimension linear advection problem, we car easily rearrange the leapfrog time discretization of (2.7) and (2.8) into the form of (3.1).
We will get a = The group velocity for a 2Ax length in Scheme (V) is strongly negative with Cg = -7/4u while the group velocity for a 4Ax length with CR = 0.7 is almost the same as u. It can be concluded therefore that Scheme (V) can lead to more rapid spreading of noise to the phase velocity in the very short wavelengths from any source in the model, physical or computational. Table 1 gives the ratio of finite difference wave speed 
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Arakawa-------- Scheme (V), however, produces results ten times more accurate than Schemes (III) and (IV) with the same number of grid points.
Also, Scheme (V) only requires less than three times as much computation as Scheme (III).
Based on the calculations in this report, we suggest that Schemes (II) and (IV) should never be used in a staggered grid model. This is because the accuracy associated with the flux is inconsistent with the accuracy of the approximations to the spatial derivatives.
The additional calculations performed in the fourth-order centered differencing in these two schemes do not increase model accuracy.
Finally we recommend that for the purpose of horizontal advection of water vapor mixing ratio on the C-grid, Scheme (V)
should replace (IV) in the Navy Operational Regional Atmospheric Prediction System (Hodur 1982 (Hodur , 1987 . Improvement of the model accuracy from the replacement is expected.
In closing we note that there are many other algorithms that can be applied to the transport of trace constituent or water vapor in atmospherical models. A more complete review can be found in Rood (1987) . In addition to many useful finite and spectral approaches with a larger time step than the Eulerian methods -the shape-preserving semi-Lagrangian scheme seems to be very useful.
The efficiency of the spectral or collocation method often lies in its exponential convergence property (Fulton and Schubert, 1987) . For the linear advection equation, the pseudospectral method is the same as the Galerkin or tau method except that the 26x wave is stationary in the pseudospectral method. Finite differences on non-staggered grids and Chebyshev collocation methods have been applied to the same advection problem studied in this report (Fulton and Schubert (1987) Here E = 10 -1 5 , S is an engineer factor used to improve the quality of solution from experiment.
The superscript n indicates the nth time level during time integration. The corrector step can be repeated to improve the solution according to Smolarkiwicz (1983) . We have also tested the scheme with two corrective steps.
